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Abstract
Neutrino oscillations have becomewell-known phenomena; themeasurements of neutrinomixing
angles andmass squared differences are continuously improving. Future oscillation experiments will
eventually determine the remaining unknownneutrino parameters, namely, themass ordering,
normal or inverted, and theCP-violating phase. On the other hand, the absolutemass scale of
neutrinos could be probed by cosmological observations, single beta decay as well as by neutrinoless
double beta decay experiments. Furthermore, the last onemay shed light on the nature of neutrinos,
Dirac orMajorana, bymeasuring the effectiveMajoranamass of neutrinos. However, the neutrino
mass generationmechanism remains unknown. Awell-motivated phenomenological approach to
search for newphysics, in the neutrino sector, is that of non-standard interactions. In this short review,
the current constraints in this picture, as well as the perspectives from future experiments, are
discussed.
1. Introduction
The last two decades have seen the great success ofmany neutrino experiments, in particular, those that have
contributed to theﬁrst observations of the various types of neutrino oscillation [1–7]. The standard oscillation
parameters, deﬁned in the framework of the three active neutrinos, have been determinedwith signiﬁcant
accuracy [8] apart from the yet unknownmass ordering, or the sign of themass squared difference relevant for
oscillation of atmospheric neutrinos, as well as the CP-violating phase, themost elusive parameter. Non-
oscillation experiments that havemeasured the neutrino cross sectionwith high accuracy, also provided
valuable information for neutrino physics [9–11]. On the other hand, there are oscillation experiments [12–15]
that have observed hints for neutrino oscillation into an additional sterile neutrino state.
So far, there is no experimental evidence that neutrinos pose some non-standard properties beyondmasses
andmixing or some extra new interactions, different from theweak interaction, not described by the Standard
Model (SM). Such interactions, often called non-standard interactions (NSI) of neutrinos, if they exist, are
interesting from a phenomenological point of view, since they directly indicate the presence of some newphysics
beyond SM.
Possible presence ofNSIwas ﬁrst pointed out byWolfenstein [16, 17], followed by theworks done in [18–25]
in the early stage (before the experimental discovery of neutrino oscillation [1]) and afterwards, studied by a large
number of authors, for example, in [26–87]. In this short review, the current status ofNSI is discussed,mainly
from the phenomenological point of view.
Phenomenologically, NSI can be describedwith an effective four fermion Lagrangian [40],
G L f Pf2 2 , 1eff fP FNSI e n g n g- = ab a r b r( )( )¯ ¯ ( )
whereGF is the Fermi constant,
fPeab is the parameter which describes the strength of theNSI, f is aﬁrst generation
SM fermion (e u, or d),P denotes the chiral projector L R, 1 25g= { ( ) }, andα andβ denote the neutrino
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ﬂavors: e,μ or τ. This Lagrangian describes neutral current (NC) interactions and theywill be the focus of
this work.
While the Lagrangian in (1) provides the general description ofNSI, it is also possible to studyNSI using
other approaches, deﬁning the parameters depending onwhether we are considering the neutrino at the
production point, S , during propagation (taking into accountmatter effects) m , or at the detection point, D .
The readermust be aware that there is no universal notation for theNSI parameters, and some authors use
similar notation for different quantities, although the deﬁnition of the parameters in terms of equations (1) and
(2) (see below) ismore standard.
Let us consider the presence ofNSI in the neutrino sourcewithmore detail. In general, source neutrino
ﬂuxes are produced from charged current (CC) interactions such as pion andmuon decay and, in the presence of
additional non-standardCC interactions, it would be necessary to consider contributions that would include
terms proportional to
G l2 1 . 2F l
CC
5
⎡⎣ ⎤⎦åe g g n-
a
a r a( )¯ ( )
In this case, the experimental value of the Fermi constant will be given by [36]
G G 1F ee
CC CC CCexp 2 2 2e e e= + + +m t∣ ∣ ∣ ∣ ∣ ∣ andwould imply that the new interactions could be parameterized
as [31]
1
. 3e
S e
CC
ee
CC CC CC2 2 2
 e
e e e
=
+ + +
a a
m t
( )
A similar expression could be obtained for the case of neutrino detection D if we are interested in CC
interactions. It is important to notice that forNCNSI the corresponding expression for S D, is different. Aswill
be discussed below, forNSI coming fromNC, the left and right couplings L R, appears naturally, while the CCeab
for theCC case are considered to be left handed.
For the case of neutrino propagation, there is a direct relation between m and theNSI parameters coming
from the Lagrangian in equation (1). It will be seen in section 3 that, during propagation inmatter, the neutrino
potential will be sensitive only to vector currents ( V L R  = + ) and, therefore, wewill end upwith the
relation,
V
V
, 4m
f
f
e
fL fR å e e= +ab ab ab( ) ( )
whereV V r G N r2f f F f= º( ) ( )with f e u,= or d (see section 3).
Solar, atmospheric and long baseline neutrino oscillation experiments are expected to give better constraints
on propagationNSI parameters coming frommatter effects, while non-oscillation experiments aremore
sensitive toNSI in production and/or detection. Both types of experiments provide valuable complementary
information onNSI.One of themain disadvantages of non-oscillation experiments is that the ﬂavor changing
NSIwill be present in the interaction only at the second order level ( 2e )while propagation effects appear atﬁrst
order (ε). However, non-oscillation experiments also have some advantage, for instance, theymay also be
sensitive to axial currents, while oscillation experiments are not.
Amodel independent analysis that considers all the contributions coming from equation (1)will imply a
large number of free parameters, fLeab . To our knowledge, an analysis considering all theNSI contributions at the
same time has never been done. In practice, onemust constrain the analysis to a number of parameters that
could be handled by current computationalmethods and give useful information about the freedom for new
physics in the neutrino sector.
In this workwewill discuss the current status ofNSI studies.Wewill start by giving some examples, in
section 2, of the kind of new physics that can be tested by using this formalism. Althoughwewill stress the case of
NC interaction, the result could be converted into constraints for new physics in theCC sector.Wewill show the
current constraints coming fromboth oscillation and non-oscillation experiments in sections 3 and 4 alongwith
a brief explanation of the phenomenological procedure to obtain such bounds. Future perspectives to improve
the current constraints will be discussed in section 5. Finally, conclusionswill be given in section 6.
2.NSI andmodels for newphysics
Although theNSI formalism appears as a correction to the vector and axial couplings, it can account for different
types of newphysics. In this section, three different classes of StandardModel extensions are described, in term
of theNSI parameters, and a particular example is shown in every case as an illustration of the formalism.
2
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2.1. Extended gauge symmetries
Any extension of the SM local gauge symmetry SU U2 1L YÄ( ) ( ) , in general, introduces new gauge bosons that
modify the vector and axial coupling. Typical examples are E6 string inspiredmodels, that at low energies
introduce the extra groupsU U1 1Äc y( ) ( ) , leading to an additionalZ′neutral gauge bosons. A similar situation
happenswith the left-right symmetricmodel SU U SU U2 1 2 1L Y R YÄ Ä Ä ¢( ) ( ) ( ) ( ) where one extra neutral
and one extra charged gauge bosons,Z′ andW′, appear.
Within theNSI formalism, there is an easy direct relation between the phenomenological parameters and
the parameters coming from thesemodels.We can consider, for instance, the neutrino dispersion off nuclei,
described in the SMLagrangian
G
f q q f q q
2
1 1 1 , 5N
NC F
q u d
e e
qL qR
,
5 5 5⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ å n g g n g g g g= - - - + +n m m m
=
{ }( ) ( ) ( )¯ ¯ ¯ ( )
where f qL R, are the SMcoupling constants deﬁned elsewhere [8]. For the case ofE6models, where two additional
neutral vector bosons arise, therewill be an additional contribution to these couplings constants given by [49]
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whereMZ is themass of the SMneutral gauge boson; MZ ¢ accounts for themass of an additional, heavier, new
gauge boson; Wq is theweakmixing angle; NNCrn is the parameter which accounts for the radiative corrections;
and the angleβ describes themixing between the two extra gauge bosons that arise from theU 1 c( ) andU 1 y( )
symmetries. Thesemodels have yet another extra gauge boson that is considered to be heavier than theZ′ and
decoupled from the above Lagrangian.
2.2. Additional neutral leptons
An extension of the SM fermion content can give rise to a rich phenomenology, especially when it contains extra
neutral leptons, usually assumed to be heavy.Within this framework, it is possible towork in the standard
SU U2 1Ä( ) ( ) gauge symmetry and consider the additionalmixing of isodoublet and isosinglet neutral leptons
[88]. As a result, theV A- couplings will deviate from the SMprediction. For example, for the case of the CC,
the ordinary light isodoublet neutrinos willmixwith the extra heavy isosinglets; thismixingwill be described by
amatrix
K K K, , 7L H= ( ) ( )
whereKL andKH describe, respectively, themixing of ordinary isodoublet light neutrinos and extra heavy
isosinglets. Notice that the signals of newphysics coming from thismatrixmight appear in charged currents
through the deviations from the standard interactions (that is, in the detection) aswell as in oscillation
experiments, since themixingmatrixKL is no longer unitary.Moreover, regarding theNC interactions, theywill
be described by the interaction
ig
Z K K
2 sin
, 8
W
L L q n g n=
¢
m m¯ ( )†
where thematrix K K† can be considered as a natural source forNSI in the neutral sector [88].
The enriched structure that arise from thesemodels can be parameterized in different forms thatmust take
into account all the newmixing angles and phases. One of themost studied schemes in this context is the seesaw
model [88–92], which gives a natural explanation for the smallness of the neutrinomass. In thesemodels,
however, the sizeable signals at low energies are expected to be negligible and, therefore, the effectiveNSI should
be negligible. There are, however, othermodels where the low energy effects, though small,may be sizeable in
the near future, such as the so-called inverse seesawmodel [93, 94].
Although it is not common in the literature to consider these analyses in termof theNSI formalism, it is
possible to include them in the formalism. For example, for the simple case of only one extra neutral heavy
lepton, the effects on a neutrino electron scattering off electronswill be a global factor in the Lagrangian, due to
the non-unitarity of themixingmatrix. In this case the correspondingNSI parameters for an electron neutrino
experiment will be given as
g gsin , sin , 9ee
eL
L ee
eR
R
2
14
2
14e q e q= - = - ( )
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where 14q is themixing angle between the light neutrino and the extra heavy fermion and gL R, are the SM
coupling constants for the neutrino electron scattering process.
2.3. Additional scalars
Despite theNSI formalismpreserves theV A- structure of the theory, it is also possible to consider the impact
of scalar couplings. For example, if we consider the case of low energy supersymmetry with brokenR-parity [95–
97]where one has trilinear L violating couplings of the form
L L E L Q D, 10ijk i j k
c
ijk i j k
cl l¢ ( )
with L andQ super-ﬁelds that contain the usual lepton and quark SU(2) doublets, E c, andDc super-ﬁelds that
contain the singlets, and i j k, , the generation indices. These couplings give rise, for example, to the following
four-fermion effective Lagrangian for neutrino interactions with d-quark
G d d2 2 , 11F
dR
L L R Reff
,
 å e n g n g= -
a b
ab a m b m¯ ¯ ( )
wherewe have, among others, ﬂavor-conserving and changingNSI, given, respectively, by
G m G m4 2
and
4 2
. 12dR
j
j
F q
dR
j
j j
F q
2 1
2
2
3 1 2 1
2
jL jL
å åe l e l l= ¢ = ¢ ¢mm mt ( )
˜ ˜
Here,mqjL˜ denotes themasses of the squarks, while j 1, 2, 3= stands for d s b, ,L L L˜ ˜ ˜ , respectively. This is just one
example, but otherNSI couplings can be studied in this context [98]; moreover, constraints on generic scalar
NSI can also be studied by using Fierz transformations [99]
3.NSI phenomenology in propagation
In this section, we discuss the phenomenological impact of the presence ofNSI in propagation. The effect ofNSI
can be present through themodiﬁcation of thematter potential that can exist not only in the diagonal but also in
the off-diagonal elements in the effectiveHamiltonian. Before starting our discussion onNSIwewill brieﬂy
review the current standard oscillation status.
3.1. Standard neutrino oscillations picture
Unless otherwise stated, the standard three-ﬂavor picture of neutrinos is assumed, en , nm and nt and
corresponding anti-particles. In vacuum, themixing of neutrinos is supposed to be described by the usualﬂavor
mixingwithoutNSI,
U e, , , 13
i
i i
1
3
*ån n a m t= =a a
=
( ) ( )
whereU is the 3× 3matrix which describes the ﬂavormixing [100] of neutrinos. In this review, we use the
standard parameterization found, e.g, in [8],
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where s sinij ijqº , c cosij ijqº , and CPd is the Kobayashi-Maskawa [101] type CP phase for neutrinos.
In addition to themixing angles andCP phase, themass squared differences of neutrinos,
m m mij i j
2 2 2D º - withmi (i= 1-3) being the neutrinomasses, are the relevant parameters to describe neutrino
oscillation. So far, all of these parameters have beenmeasuredwith reasonably good accuracies except for the
value of theCPphase and sign of m31
2D ( m322D ). The positive (negative) sign of m312D corresponds to the normal
(inverted)mass ordering, often referred to as normal (inverted)mass hierarchy.
Different groups have carefully studied the neutrino data and obtained accurate values formost of the three-
ﬂavor neutrino oscillation parameters [103–105]. Theirmost important results are summarized in table 1, where
a reasonable agreement can be seen.
4
New J. Phys. 17 (2015) 095002 OGMiranda andHNunokawa
3.2. Neutrino evolutionwithNSI
Phenomenologically, the evolution equation of neutrinos in the ﬂavor basis in the presence of propagationNSI
in unpolarizedmatter can be generically written as,
i
d
dr
U U V
0 0 0
0 0
0 0
, 15
e
f
f
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where r e, ,n n n a m tº á ñ =a a ∣ ( ) ( ) denotes the probability amplitude toﬁnd neutrino as na at the position r,
m E2ij ij
2D º D ( ),E being the neutrino energy.V V r G N r2f f F f= º( ) ( )whereNf ( f e u,= or d) denotes
the fermion number density along the neutrino trajectory inmatter. Note thatV re ( ) is the standardmatter
potential [16]which induces the usualMSWeffect [16, 102].
SinceNSI effects in propagation enter only through the vector couplings, feab must be interpreted as
f fL fRe e e= +ab ab ab. For simplicity, throughout this review, we consider the case where only d-quark has the
propagationNSIwith neutrinos, andwriteNSI parameters simply as eab by omitting the fermion superscript.
Note that the case of u-quarkNSI is very similar inmost cases to be discussed in this section because in the usual
matter, N N N3u d e~ ~ .
In this review, unless otherwise stated, for certainty, we use the following values of themixing parameters as
our reference values; sin 0.312 12q = , sin 0.0232 13q = , sin 0.52 23q = , m 7.5 10212 5D = ´ - eV2 and
m 2.4 1031
2 3D = ´ -∣ ∣ eV2, and 0CPd = , which are consistent at 2σwith the results obtained by the recent global
analysis [103–105].
Equation (15) deﬁnes the framework for neutrino propagation inmatter withNSI. The parameters eab
( e, , ,a b m t= ) describe themagnitude ofNSI. The diagonalNSI parameters, e, ,e a m t=aa ( ), could play a
role similar to the terms of the standardMSWmatter potential, or could be interpreted as theNSI inducedmass
squared difference,mimicking the ones that contain m2D , which could induce new resonance even if neutrinos
weremassless [18, 20]. On the other hand, off-diagonalNSI parameters, e a b¹ab ( ) could play a role similar to
themixing angle. Even if there is nomixing in vacuum, the ﬂavor transitions n na b can occur inmatter due to
the presence of the off-diagonal NSI [18–20]. The complex phases of the off-diagonal elements eab could be a
new source of CP violation, see e.g., [31, 64].
Currently, almost all the neutrino data are consistent with the standard threeﬂavor scheme ofmassive and
mixed neutrinos. Therefore, NSI, if they exist, is expected tomanifest only as a subdominant effect. NSI in
propagation has been constrainedmainly by the oscillation data of solar and atmospheric neutrinos as well as
neutrinos produced by accelerators. Reactor neutrinos do not constrain the propagationNSI because thematter
effect is expected to be very small though they can constrain the detectionNSI.
Roughly speaking, for a given neutrino energy, and thematter density, ρ, the impact of propagationNSI in
neutrino oscillation (modiﬁcation of the standard oscillation due toNSI) is essentially determined by the
magnitude of the following dimensionless quantity,
Table 1. Summary of the standard three-ﬂavor picture parameters, as reported from three different groups, deno-
ted asC (Capozzi el al [103], second and third column, F (Forero et al [104], fourth and ﬁfth column), andG
(Gonzalez-Garcia et al [105], the last two columns). The parameter m l3
2D has a slightly different deﬁnition in each
case, being m m m m 2l3
2
3
2
1
2
2
2D º - +( ) for [103], m m ml32 32 12D º - for [104] and m m ml32 32 12D º - for
normal hierarchy (NH) and m m ml3
2
3
2
2
2D º - for inverted hierarchy (IH) for [105]
C [103] F [104] G [105]
Parameter Bestﬁt 3s range Bestﬁt 3s range Best ﬁt 3s range
m 1021
2 5D - eV2 7.54 6.99-8.18 7.60 7.11-8.18 7.50 7.02-8.09
m 10l3
2 3D - eV2 (NH) 2.43 2.23-2.61 2.48 2.30-2.65 2.457 2.317-2.607
m 10l3
2 3-D - eV2 (IH) 2.38 2.19-2.56 2.38 2.20-2.54 2.449 2.307-2.590
sin 102 12 1q - 3.08 2.59-3.59 3.23 2.78-3.75 3.04 2.70-3.44
sin 102 23 1q - (NH) 4.37 3.74-6.26 5.67 3.93-6.43 4.52 3.82-6.43
sin 102 23 1q - (IH) 4.55 3.80-6.41 5.73 4.03-6.40 5.79 3.89-6.44
sin 102 13 2q - (NH) 2.34 1.76-2.95 2.26 1.90-2.62 2.18 1.86-2.50
sin 102 13 2q - (IH) 2.40 1.78-2.98 2.29 1.93-2.65 2.19 1.88-2.51
od (NH) 250 0-360 254 0-360 306 0-360
od (IH) 236 0-360 266 0-360 254 0-360
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where theNSI with d or u quarks are assumed; mij
2D is the relevantmass squared difference in the corresponding
oscillation channel, and the baseline L is assumed to be large enough, or L O 1ij D ( ). Larger the value of hab,
larger the impact ofNSI in propagation.
3.3. NSI for atmospheric neutrinos
In this subsectionwe discuss theNSI effect for atmospheric neutrinos. The impact ofNSI on atmospheric
neutrinos have been considered bymany authors, see e.g., [26, 29, 35, 41, 42, 44, 70].
Let usﬁrst consider the impact ofNSI on the n n-m t sector and assume that all theNSI parameters coupling
to electronﬂavor neutrino, namely, ee b are zero. In this scenario, emt and e e-tt mm can be constrainedmainly
by the higher energy samples of the atmospheric neutrino data as will be seen below.
In the limit of m L E 021
2D  , with the constantmatter density approximation, and ignoring 13q , the
n nm m survival probability is expressed as [32, 42]
P P
L
1 1 sin 2 sin
2
, 172 eff 2
31⎡
⎣⎢
⎤
⎦⎥n n n n q x = -  -
D
m m m t ( ) ( ) ( )
where
sin 2
sin 2 2
, 182 eff
23
2
2
q q hxº
 mt ( )
sin 2 2 cos 2 , 1923
2
23
2x q h q h hº  + + -mt mm tt{ }( ) ( )
and the+ -( ) sign in front of hmt corresponds to the normal (inverted)mass ordering. For anti-neutrino
channel, the sign of hab must be changed.
For the atmospheric neutrinos, the sensitivity to theNSI parameters can be estimated by studying themuon
neutrino and anti-neutrino survival probabilities for different zenith angles, cos zq . Figure 1 shows themuon
neutrino survival probabilities (for the normalmass ordering) for cos 0.3zq = - (left panels), 0.6- (middle
panels) and 1- (right panels) for the cases withoutNSI (by solid lines) andwithNSI (by non-solid lines). For this
calculation, the neutrino evolution equation (15)was solved numerically (without ignoring neither m21
2D nor
13q )using the Earthmatter density proﬁle predicted in the Preliminary Reference EarthModel (PREM)
model [106].
Figure 1. Survival probabilities of n nm m (upper panels) and n nm m¯ ¯ (lower panels) as a function of the neutrino energy for
different zenith angle of incoming neutrinos, cos 0.3zq = - (left panels), 0.6- (middle panels) and 1- (right panels). The
corresponding distances traveled by neutrinos are indicated in the plots. The normalmass orderingwas assumed.
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Note that, by comparing the upper and lower panels, the dependence on the sign ofNSI parameters for
neutrinos and anti-neutrinos are opposite. Note also that, with a good approximation, the survival probabilities
are invariant under the simultaneous transformation 31 31D  -D and e e -mt mt . In the limit of the 2ﬂavor
approximation, what is relevant is only the relative sign of these quantities. As can be seen from ﬁgure 1, the
impact ofNSI is small for lower energies, for E 5 GeV, even for the case where neutrino pass through the
center of the Earth.On the other hand, the impact ofNSI for energy 10 GeV, could be quite large for theNSI
parameters considered inﬁgure 1 and it is expected that these values could be disfavored or excluded.
Here we quote the bounds on theseNSI parameters obtained by the Super-Kamiokande collaboration [107],
1.1 10 2 < ´mt -∣ ∣ and 4.9 10 4.9 102 2 - ´ < - < ´tt mm- - at 90%CL.More recently, by using the
IceCube-79 andDeepCore data, authors of [108] obtained somewhat better bounds, 6 10 3  ´mt -∣ ∣ and
3 10 2  - ´tt mm -∣ ∣ at 90%CL.
For the en n- t sector, besides the probability for n nm m, it is also useful to consider the en nm case. The
computation of these probabilities, shown inﬁgure 2, was done in an analogousway to the case shown in
ﬁgure 1. For this computation differentNSI parameters have been considered: eee , ett and ee t. It is important to
notice that, in this case, the ee t parameters, could play a role similar to 13q . Therefore, there is some impact on
the en nm channel as it is possible to see in the lower panels ofﬁgure 2.
When eee , ett and ee t are assumed to be simultaneously nonzero, it is known [44] that the allowed
combinations of theNSI parameters are approximately given by the parabolic relation,
3
1 3
. 20
e
ee
2
e e e~ +tt
t
( )
This feature can be also conﬁrmed inﬁgures 8 and 9 in [107]which show the constraints on theseNSI parameters
obtained by the Super-Kamiokande atmospheric neutrino data. It is also pointed out in [44] that atmospheric
neutrino data alone can not essentially constrain eee parameter. Therefore, in general one can obtain the allowed
regions of ee t and ett for given values of ee as done in [44, 107]. For example, from ﬁgure 9 of [107], we see that
for sin 0.52 23q = , for 0.5eee = - , 0, and 0.5, e e t , 0.08, 0.11 and 0.18, respectively, at 90%CL.
3.4. NSI for accelerator neutrinos
So far the bounds on propagationNSI from accelerator neutrinosmainly come from the n nm m and n nm m¯ ¯
channels. For these channels, atﬁrst approximation, the relevantNSI parameters are emt , emm and ett . The
n nm m and n nm m¯ ¯ survival probabilities as a function of neutrino energy for theMINOSbaseline, L= 730
km, are shown inﬁgure 3. The computationswere donewithout the presence ofNSI (solid lines) andwith
Figure 2. Survival probabilities of n nm m (upper panels) and en nm (lower panels) as a function of the neutrino energy for
different zenith angle of incoming neutrinos, cos 0.3zq = - (left panels), 0.6- (middle panels) and 1- (right panels). The normal
mass ordering was assumed.
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0.1e = mt (dotted and dashed lines). As it is possible to see fromﬁgure 3 the impact ofNSI for ν and n¯ channels
are opposite.
The bounds obtained by theMINOS collaboration [109], translated to the notation used in this review, can
be stated as 0.067 0.023e- < <mt at 90%CL.
3.5. NSI for solar neutrinos
Themost updated analysis of solar neutrinos in the context of the propagationNSI comes from [74]. For solar
neutrinos, under the so-called onemass scale dominance approximation, m31
2D  ¥∣ ∣ , the neutrino evolution
can be effectively reduced to that of the 2ﬂavor system [110], as follows,
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with n¢t being decoupled from the system [110], and diagonal De and off-diagonal Ne NSI parameters are related
to eab as [74],
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In this approximation, the survival probability is given as
P s c P , 25e e e e13
4
13
4
2n n n n = + ¢  ¢n ( )( ) ( )
where P e e2 n n¢  ¢n ( ) is calculated for the effective 2ﬂavor systemdescribed by (21). According to [74], the
bounds on these parameters are 0.25 0.02De- < < - and 0.14 0.12Ne- < < at 90%CL assumingNSIwith
d-quark.
In table 2we show the summary of the bounds on the propagationNSI.
4.NSI phenomenology in detection
Several experiments have been devoted speciﬁcally tomeasurewith precision the neutrino interactionwith
quarks and leptons. They are performed at very short baselines, avoiding effects coming from the standard
Figure 3. n nm m and n nm m¯ ¯ survival probabilities as a function of neutrino energy for theMINOSbaseline, L= 730 kmwithout
the presence ofNSIwith andwithNSI, 0.1e = mt . Thematter density was assumed to be constant, 3.2r = g cm−3.
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oscillation. Thesemeasurements allow us to test the validity of the interactions described by the StandardModel,
and, therefore, they could be a basis to search for new physics beyond SM.
For non-oscillation experiments, NSI can be constrained by comparing themeasured cross sections with
that predicted by SM for the interaction of the neutrinos with the corresponding target.Most of these
experiments record fewer events than oscillation experiments. On the other hand, they are independent of the
mixing parameters; therefore, the cross sectionmeasurements, in general, do not suffer from the uncertainties of
the oscillation parameters.Moreover, non-oscillation experiments are sensitive to axial couplings, a coupling
that is absent in propagationNSI effects.
Here wewill review different experiments that constrainNSI through detection.Wewill start by considering
the neutrino interactions with electrons and, afterwards, wewill review its interactions with quarks.
Wewill illustrate the phenomenology involved in this type of experiment by considering the speciﬁc case of
the electron anti-neutrino scattering off electrons. In this case, the differential cross section, including the
corrections coming from the Lagrangian shown in equation (1), will be given by
T
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Here,me is the electronmass,T E me e eº - (withEe being the total electron energy) stands for the electron
recoil energy, and En is the anti-neutrino energy. The StandardModel couplings, at tree level, are deﬁned as
g 1 2 sinL
2
Wq= + and g sinR 2 Wq= .We can see from this expression that ﬂavor changingNSI parameters
( e
L R,em and eL R,et )will only give quadratic corrections while the ﬂavor diagonal ones could give linear corrections.
This is illustrated in ﬁgure 4, wherewe show the differential cross section for anti-neutrino electron
scattering, e ee en n- -¯ ¯ , averaged over a typical anti-neutrino reactor spectrum [111, 112]. The plot is given in
terms of the electron recoil energy,Te, for an energywindow relevant for an anti-neutrino detector such as
TEXONO [113, 114]. In the plot, the prediction for the SMcross section is shown, aswell as that for theNSI one.
For bothﬂavor changing andﬂavor conservingNSI, the same negative value of the parameters are used; this
illustrates howﬂavor diagonalNSIs havemore impact on detection signals than ﬂavor changing parameters.
TheNSI parameters for this reaction can be constrained by considering, for example, the data from the
TEXONOcollaboration, which use een¯ scattering as the detection signal.We have updated the analysis reported
by the TEXONOcollaboration [113], including the newpredicted spectrum [111, 112] and radiative corrections
[115] in order to obtain new constraints for these parameters.We have also combined the results of this analysis
with the constraints coming from the een scatteringmeasurements reported by the LSNDcollaboration [116].
By combining these two experiments we can obtain stronger bounds both on left and rightNSI parameters,
taking advantage of the different chirality of both neutrino experiments. The result of this new analysis is shown
inﬁgure 5 for the diagonal parameters ee
L R,e , and is also shown in table 3 alongwith other current constraints.
Previous works involving the neutrino scattering off electrons obtained constraints from a combined
analysis of reactor neutrino experiments. There are different experiments that involve an electron (anti)neutrino
Table 2.Constraints on thematter (propagation)NSI parameters at 90%
CL. for the interaction of neutrinos with d type quark. The otherNSI
parameters are set to zero.
NSI parameters Bounds Reference
ee
m me e- mm (0.02, 0.51) [74]
m me e-tt mm ( 0.01, 0.03- ) [74]
m me e-tt mm ( 0.049, 0.049- ) [107]
m me e-tt mm ( 0.036, 0.031- ) [108]
e
me m ( 0.09, 0.04- ) [74]
memt ( 0.01- , 0.01) [74]
memt ( 0.011, 0.011- ) [107]
memt ( 6.1 10 3- ´ - , 5.6 10 3´ - ) [108]
e
me t ( 0.13, 0.14- ) [74]
e
me t (for 0.50eeme = - ) ( 0.05, 0.05- ) [107]
e
me t (for eeme = 0.50) ( 0.19, 0.13- ) [107]
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ﬂux, such as reactor neutrinos (TEXONO [113],MUNU [117], Rovno [118], Krasnoyarsk [119], Irvine [120])
and accelerator neutrinos (LSND [116] and LAMPF [121]).
We show in table 3 the summary of the constraints from these analysis.We prefer to show in this table results
obtained by different research groups since the analysismay have different assumptions that can be important in
the interpretation of the parameters. These results consider either one or two parameters at a time, while all
Figure 4.Averaged differential cross section for the electron anti-neutrino scattering off electrons for the SMcase (black solid line), for
a ﬂavor changingNSI (blue dashed line), and for a ﬂavor conservingNSI (green dashed dotted line). The reactor anti-neutrinoﬂux has
been considered in order to integrate the anti-neutrino cross section over the appropriate neutrino energy range.
Figure 5.Allowed region, at 90%CL, for diagonal NSI parameters, ee
L R,e , from a combined analysis of TEXONO reactor anti-neutrino
and LSNDneutrino electron scattering off electrons.
Table 3.Constraints on the detectionNSI couplings at 90%CL for the interaction of neutrinos with electrons
One parameter Two parameter
ee
eLe 0.021,0.052-( ) [60] 0.02, 0.09-( ) [68] 0.036, 0.063-( ) [60]
ee
eRe 0.07,0.08-( ) [122] 0.08, 0.09-( ) [123] 0.11, 0.05-( ) [68] 0.10, 0.09-( ) [123]
eLemm 0.03, 0.03-( )[40] 0.03, 0.03-( ) [54] 0.033, 0.055-( ) [54]
eRemm 0.03, 0.03-( ) [40] 0.03, 0.03-( ) [54] 0.040, 0.053-( ) [54]
eLett 0.16, 0.11-( ) [60] 0.46, 0.24-( ) [54] 0.51, 0.34-( ) [68] 0.16, 0.11-( ) [60]
eRett 0.25, 0.43-( )[54] 0.35, 0.50-( ) [68] 0.4, 0.6-( ) [54]
e
eLe m 0.13, 0.13-( ) [54] 0.53, 0.53-( ) [33]
e
eRe m 0.19, 0.19-( ) [122] 0.13, 0.13-( ) [54] 0.53, 0.53-( ) [33]
e
eLe t 0.4, 0.4-( ) [40] 0.33, 0.33-( ) [54] 0.53, 0.53-( )[33]
e
eRe t 0.28, 0.05- -( ) and (0.05, 0.28) [54] 0.53, 0.53-( ) [33]
0.19, 0.19-( ) [122]
eLemt 0.1, 0.1-( ) [40] 0.1, 0.1-( ) [54] 0.53, 0.53-( ) [33]
eRemt 0.1, 0.1-( ) [40] 0.1, 0.1-( ) [54] 0.53, 0.53-( )[33]
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other parameters equal to zero; in some cases, especially forﬂavor diagonal couplings, the correlation between
these two parameters is important.
We also show in table 3 the constraints obtained frommuon (anti)neutrinoﬂuxes, based on the results
coming from theCHARMII experiments [124]. Although there is nomanmade tau neutrino sources, it is
possible to constrain these interactions if one considers the LEPmeasurements of the process [33] e e nng+ - ¯
where tau neutrinos appear as part of this inclusive reaction, or to consider the solar neutrino ﬂux that also
includes a tau neutrino component [60]; such constraints are also shown in table 3.
In order to get constraints on theNSI of neutrinos with d type quarks, it is necessary to study experiments
such asCHARM,CDHS [125, 126] and,more recently, byNuTeV [127]. They havemeasured the cross section
for the scattering of electron andmuonneutrinos off quarks. For the case ofNuTeV, there have been a long
discussion about a discrepancy of themeasured cross sectionwith the SMprediction. After the revaluation of the
predicted sea contributions from the c quark, it has been possible to solve this puzzle [128, 129]; currentlyNSI
suggested by theNuTeV experiment are considered as consistent with zero.
Table 4 shows the summary of the constraints for the d quarkNSI coming from these experiments.
Constraints coming from charge leptonﬂavor conversion, such as em g or em  , have not been considered
here. They always involve, at some level, a one loop dressing of the neutrino vertex; therefore, theywill always be
model dependent. The readers interested in such constraints can see, for example, those reported in [65, 130].
5. Future Prospects
There are several experimental proposals that plan to improve the current knowledge of neutrino properties.
Therefore, there is plenty of room to improve the sensitivity toNSI in the near future. Some of these
experimental set-ups are discussed below, showing the future perspectives for different types of experiments.
Again, the discussion is divided into propagation and detectionNSI.
It is important to notice that, besides the need formore restrictive bounds onNSI parameters, it is also
necessary to solve the possible confusion between standard and non-standard parameters. As has been stated in
the past [36], it is possible to have a confusion in neutrino oscillation experiments betweenNSI parameters and
standardmixing angles, especially 13q ; recently, this subject has been discussed in the context of solar [131] and
reactor neutrinos [78, 79]. The signiﬁcant progress in improving the precision on 13q will strongly restrict this
possibility in the near future.
Another important topic in this direction is that of the robustness of the solar neutrino data againstNSI. It
might be possible that largeNSI effects give rise to a dark-LMA solutionwithout contradicting any current
experimental result [132]. This solution has persisted as a plausible picture [63, 74], and could be generated
through an extraU 1 ¢( ) gauge symmetry [133]. A recent study on the future combined data of JUNO [134],
RENO-50 [135] andNOvA [136] has discussed the perspectives to exclude this solution [137].
5.1. Perspectives forNSI in propagation
Different experimental set-ups (proposed to increase the precision for the determination of the neutrino
oscillations parameters) have been considered in recent years. The need for a better knowledge of theKobayashi-
Maskawa typeCPphase in the lepton sector aswell as themass ordering is certainly amajormotivation for these
proposals. Currently ongoing experiments such as T2K andNOvAmay improve somewhat the current bounds
Table 4.Constraints on the detectionNSI
couplings at 90%CL for the interaction of
neutrinos with quarks
NSI parameters Bounds Ref.
ee
dLe 0.3, 0.3-( ) [40]
ee
dRe 0.6, 0.5-( ) [40]
dLemm 0.005, 0.005-( ) [69]
dRemm 0.042, 0.025-( ) [69]
e
dLem 0.023, 0.023-( ) [69]
e
dRem 0.036, 0.036-( ) [69]
e
dLe t 0.5, 0.5-( )[40]
e
dRe t 0.5, 0.5-( ) [40]
dLemt 0.023, 0.023-( ) [69]
dRemt 0.036, 0.036-( ) [69]
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on someNSI parameters but probably not somuch, especially for that coming from the e en n( ¯ ) appearancemode
due to relatively small statistics.
Hyper-Kamiokande [138–140] is an interesting proposal that expects to improve the sensitivity toNSI, by
using the atmospheric neutrino data [141–143]; their expectations for the normal hierarchy case are particularly
appealing. the LBNE [144] and LBNO [145] proposals, the expected sensitivity toNSI is also encouraging,
especially for the ﬂavor changing case of mt and e m [146].
Finally, important constraints are expected from the IceCubeDeepCore and PINGU experiments. These are
extensions of the IceCube experiment focused on a lower energy range. In this case, the expectations to constrain
theﬂavor changingNSI parameter mt could reach the one percent level. For the ﬂavor diagonal case, itmight be
possible to obtain information about the elusive parameter tt [108, 147, 148].
5.2. Perspectives forNSI in detection
The future neutrino oscillation experiments will also be sensitive to theNSI parameters through a detection
effect. For instance, for the case of the proposed JUNO [134] andRENO-50 [135] an improvement to the
constraints on e m and e t is expected [77].
For the case of the interaction of electron neutrinos with electrons, both ISODAR [149] and LENA [150]
proposals could give complementary information if both proposals are done in the future. In the case of
ISODAR, it is proposed to use an intense anti-neutrino 8Li source, with an anti-neutrino energy ranging up to
14MeV, in combinationwith theKamLAND liquid scintillator [149]. The LENAproposal plans to use a
neutrinoChromium source, providing amonochromatic neutrino ﬂux of energy, E 0.747=n MeV, located at
the top of a 100 kTon liquid scintillator cylindrical detector [150]. These are not the only proposals for neutrino
electron scattering, but they illustrate the future potential of this experiments.
The use of either a neutrino or anti-neutrino source leads to a better determination of the left or right-
handed couplings, respectively. Therefore, if both neutrino and anti-neutrino experiments are done in the
future, there could be a good room for the improvement of theNSI parameters.
We illustrate this by showing, inﬁgure 6, the expected sensitivity for the case of a neutrino artiﬁcial source in
combinationwith the proposed LENAdetector as has already been calculated in [151], where an expected total
number of 1.9 105´ neutrino events and a 5% systematic errorwas considered. The case of an anti-neutrino
source is also shown inﬁgure 6. In this last case the analysis developed in [149]has been closely followed. The
expected result from the combined analysis of both future experiments is shown by the regionﬁlled by the
magenta color.We show in the sameﬁgure one of the current constraints onNSI, coming from the solar
neutrino analysis [60]. It is possible to see that there is room for improving these constraints by almost one order
ofmagnitude, especially if both experiments are realized.
Regarding theNSI of neutrinoswith quarks, there are severals proposals that could improve current bounds.
An interesting proposal is that of neutrino coherent scattering off nuclei [152]. After seminal works on the
construction of these type of detectors [153, 154], there was a renewed interest in the previous decade [155, 156].
At the same time, the sensitivity toNSI parameters and new physics searches was also noted [49, 157]. Different
experimental set-ups have already been considered, either using a reactor anti-neutrino ﬂux [156], and
spallation source [158–160, 166], beta beams [161, 162], or pion decay [163–165]. These experiments could have
an excellent sensitivity to theNSI. In particular, the TEXONOproposal has been studied in the past, using either
Figure 6.Expected sensitivity toNSI parameters ee
eL R,e from ISODAR and LENAproposals. The result of a combined analysis is also
shown.
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a 76Ge or 28Si as a detector; an improvement of even one order ofmagnitude could be achieved in this case [157].
Other possible nuclei have also been studied [130] such as 48Ti and 27Al.
6. Conclusions
Neutrino experiments have shown the existence of a new sector beyond the StandardModel because of the
experimental evidences of nonzero neutrinomasses that is already part of the current knowledge on particle
physics. Themass andmixing of lepton sector turned out to be non-trivial, very different from that of the quark
sector.While our knowledge on neutrino properties is continuously improving, the theoretical explanation of
the neutrinomixing and the neutrinomass pattern is still an open question.
In this context, possible presence of the non-standard interaction of neutrinos and its impact was discussed
in this brief review froma phenomenological point of view, describing the current status on the search for new
physics coming fromNSI.
So far there is no experimental evidence or indication of the presence ofNSI and there exist only the
constraints, which are summarized in tables 2, 3 and 4wherewe show the lower and upper bounds of theNSI
parameters. Ongoing as well as proposed near future neutrino experiments are expected to improve
considerably theNSI bounds ormay indicate the presence ofNSI.
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